Two wheat genotypes were grown in hydroponic culture, containing 4 mM KNO 3 , NH 4 Cl and NH 4 NO 3 . Activities of N metabolizing enzymes, aminotransferases, carbohydrate and TCA cycle enzymes were analyzed along with protein, amino acid, N, sugar content and growth parameters in shoot and root. After 12 days, the size of shoot and root system decreased significantly when plants were supplied with NH 4 Cl as exclusive N source. Under NH 4 NO 3 growth parameters, N and carbon metabolism were elevated as compared to NH 4 Cl but less than KNO 3 source indicating inhibition of NH 4 + toxicity by NO 3 -uptake. Our results suggested that GDH, aminotransferases and PEPC play an important role in ammonium detoxification by its incorporation into amino acids. Thus, the morphologic differences among plants growing in NH 4 + or NO 3 -nutrition confirm the hypothesis that N source determines the growth habit of plant in wheat by modulating the endogenous levels of protein and sugar content.
Introduction
Plant may take up nitrogen in various forms, the main sources are nitrate and ammonium ions (Bijlsma et al. 2000; Rad et al. 2013) . The physiological responses of plants to these ions are very different and the ability of plants to absorb and metabolize them varies greatly (Cossey et al. 2002) . Nitrogen assimilation takes place both in leaves and in roots (Masclaux-Daubresse et al. 2010) . The distribution of nitrogen assimilation throughout the plants depends on the plant species, age and environmental factors (Wojciechowski et al. 2009; Bai et al. 2013) . Ammonium originates in the plant from nitrate reduction by nitrate reductase, direct absorption, photorespiration, or deamination of nitrogenous com-pounds; it is assimilated into organic molecules primarily by the combined catalytic action of two enzymes, glutamine synthetase and glutamate synthase (Masclaux-Daubresse et al. 2006; Morozkina and Zvyagilskaya 2007) . Glutamate oxaloacetate transaminase and glutamate pyruvate transaminase are responsible for the biosynthesis of glutamine to other amino acids, forming storage protein molecule and thus play an important role in regulation of nitrogen metabolism in crop plants (Lea et al. 1990 ). Glutamate dehydrogenase catalyzes the amination of 2 oxoglutarate and the deamination of glutamate; the direction of the activity depends on specific environmental conditions (Tercé-Laforgue et al. 2004; Osuji et al. 2009 ).
Sucrose, the major translocate form of carbon from source to sink tissue and is degraded by sucrose synthase, acid invertase and neutral invertase (Jiang et al. 2003) . However, carbon and nitrogen assimilation requires a substantial contribution of fixed carbon in both leaves and roots. In leaves, triose-P enters the glycolytic pathway directly. In roots, carbon is required directly as α-ketoglutarate (by metabolism of sucrose through glycolysis/Krebs) and indirectly by the generation of reducing power (reduced Fd) in the plastids. Phosphoenolpyruvate derived from glucose reacts with carbon dioxide from the atmosphere to yield oxalacetic acid through phosphoenolpyruvate carboxylase (PEPC). Therefore, PEPC may be an important interface between carbon and nitrogen metabolism (Miyao and Fukayama 2003) . Isocitrate dehydrogenase catalyzes the reversible conversion of isocitrate to 2-oxoglutarate (2-OG) and links carbon and nitrogen metabolism (Lancien et al. 2000; Nunes-Nesi et al. 2010) . Malate dehydrogenase catalyzes the interconversion of oxaloacetate and malate and exists in different isoforms (Gietl 1992) .
In this paper, we study the response of hydroponically grown two wheat genotypes, PBW 343 and GLU 1356, to different nitrogen source on nitrogen and carbon metabolism. These species were chosen because they differ in their nitrogen use efficiency; PBW 343 (low yield) and GLU 1356 (high yield). Therefore, the aim of this paper is to analyze the differences of these genotypes in different forms of nitrogen assimilation which could help to elucidate the mechanism of ammonium nutrition tolerance.
Materials and Methods
Two wheat genotypes (PBW 343 and GLU 1356) were grown hydroponically in a greenhouse in plastic trays containing 8 L Hoagland solution during 2013 and 2014. Table 1 summaries the important features of two wheat genotypes used for biochemical analysis at different nitrogen sources. Seed from each genotype were sprouted in a controlled en- The nitrate reductase activity was estimated by the method described by Jaworski (1971) . Glutamine synthatase (GS), glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH) activity were extracted by the method of Mohanty and Fletcher (1980) . The GS activity was assayed by Kanamori and Matsumoto (1974) . The activity of GOGAT and GDH was assayed by the method describes by Bulen (1956) . Glutamate oxaloacetate transaminase (GOT) and glutamate pyruvate transaminase (GPT) was determined following the procedure of Tonhazy (1960a, b) . The procedure for assaying GPT activity was same as described for GOT except that the addition of aniline citrate step was omitted.
Sucrose synthase, soluble acid invertase and soluble neutral invertase
Enzymes were extracted from fresh tissue samples essentially by the method Stommel (1992) and the activity of sucrose synthase (UDPglucose-fructose-2-α-D glucosyltransferase) assayed by the method Morell and Copeland (1985) . The soluble acid invertase (pH 4.8) and soluble neutral invertase (pH 7.5) (β-D-fructofuranoside fructohydrolase) activities were assayed essentially by the method described previously by Singh and Asthir (1988) .
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Extraction and estimation of various metabolites Total free sugars
Free sugars were extracted sequentially with 80% and 70% ethanol. The extracts containing sugars were concentrated by evaporating off the ethanol under vacuum. The total free sugars were determined colorimetrically using the reaction with phenol (Dubois et al. 1956 ).
Protein, amino acid and nitrogen content
Proteins were extracted in 0.1 M NaOH and precipitated with trichloroacetic acid (TCA) and estimated by the method of Lowry et al. (1951) . The amino acid was estimated by method described by Lee and Takahashi (1966) and nitrogen content was estimated by the method given by McKenzie and Wallace (1954) .
Statistical analysis
All the values were mean of three replicates. Data obtained was subjected to CRD at 5% level of CD using CPCS1 software developed by the Department of Statistics, Punjab Agricultural University, Ludhiana, India.
Results
Tissue culture technique is an alternative way of studying the hypothesis that different nitrogen nutrition determines the growth habit of wheat by modulating nitrogen and carbon metabolism. In this study, the response of hydroponically grown two wheat genotypes (PBW 343 and GLU 1356) at different nitrogen source (C -control, 4 mM KNO 3 , 4 mM NH 4 Cl and 4 mM NH 4 NO 3 ) were studied. The results of enzymatic and metabolites analysis (protein, amino acid, nitrogen and sugars) in shoot and root of two wheat genotypes under different nitrogen sources are summarized in Figs S1*, S2 and S3; Table S1 and the correlation between various parameters is given in Table S2 .
Growth parameters
The present study showed that plant growth parameters, viz. root-shoot length and biomass were reduced with NH 4 Cl nutrition as compared to NH 4 NO 3 and KNO 3 fed plants *Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article. (Table S1 ). The increase in shoot length as well as biomass were higher in GLU 1356 as compared to PBW 343.
Enzyme activities
The result indicated that, there were differences in the contribution of nitrogen metabolizing, viz. nitrate reductase (NR), glutamine synthetase (GS), glutamate synthase (GO-GAT), glutamate dehydrogenase (GDH); aminotransferases, viz. glutamate oxaloacetate transaminase (GOT), glutamate pyruvate transaminase (GPT); sucrose metabolizing, viz. sucrose synthase (SS), soluble acid invertase (AI), soluble neutral invertase (NI) and TCA cycle enzymes, viz. phosphoenolpyruvate carboxylase (PEPC), isocitrate dehydrogenase (ICDH), malate dehydrogenase (MDH) depending on the species, nitrogen nutrition and plant organ (Figs S1 and S2). In short, nitrogen source upregulates the activities of these enzymes but it varies depending on different types of nitrogen sources.
Our results showed that KNO 3 and NH 4 NO 3 source significantly increased the activities of NR, GS, GOGAT, GOT and GPT in shoot as compared to NH 4 Cl conditions. Whereas, application of NH 4 Cl results in increase in activities of GS-GOGAT and aminotransferases (GOT and GPT) in shoot as well as in root but significant increase was observed in GDH activity.
On the other hand, with KNO 3 and NH 4 NO 3 source, the slight increase in activity of SS was recorded, whereas AI and NI showed significant increase as compared to NH 4 Cl in shoot. However in roots, AI and NI activities was significantly upregulated by NH 4 Cl.
Activities of TCA cycle enzymes such as PEPC, ICDH and MDH were also measured and the results are shown in Fig. S2 . The supply of carbon skeletons from phosphoenolpyruvate for ammonium assimilation can be met by PEPC enzyme. The activity of this enzyme changed when ammonium was the nitrogen source as compared to nitrate. Furthermore, the activities of PEPC and malate dehydrogenase (MDH) increased when NH 4 Cl was used as nitrogen source as compared to KNO 3 and NH 4 NO 3 only in roots whereas isocitrate dehydrogenase (ICDH) do not show significant difference with respect to different nitrogen nutrition in both shoot and root. In contrast, MDH activity increased with NH 4 Cl and the PEPC activity increased with KNO 3 and NH 4 NO 3 in shoot.
Metabolite analysis
The effect of KNO 3 and NH 4 NO 3 as nitrogen source significantly increased total protein content, amino acid and nitrogen content in shoot as compared to NH 4 Cl source (Fig. S3) . Whereas in root, NH 4 Cl significantly increases the soluble protein content and amino acid, in contrast with KNO 3 and NH 4 NO 3 increases nitrogen content. However, total sugars significantly decreased with nitrogen treatment. On comparison between shoot and root, soluble protein, nitrogen and sugar content were more in shoot whereas amino acid content was in root.
In general, a different trend was observed depending on the species. The increase in activity of all the enzymes and various metabolites were more in GLU 1356 than PBW 343. (Table S2) . On the other hand, amino acid showed significant correlation with GS, GOGAT, GOT, GPT and AI (r = 0.73, 0.78, 0.80, 0.75 and 0.82, respectively, in shoot, in root it positively correlated with GS, GPT and ICDH; r = 0.95, 0.78 and 0.93, respectively. Instead of these, nitrogen also significantly correlated with GS, GOGAT, GOT, GPT, AI, NI and PEPC in shoot (r = 0.79, 0.95, 0.93, 0.98, 0.99, 0.77 and 0.79, respectively), in root with GS, GPT and ICDH (r = 0.77, 0.75 and 0.87, respectively). Whereas total protein, amino acid, nitrogen content were non-significantly correlated with total free sugar content in shoot (r = 0.48, 0.47 and 0.11, respectively) and negatively correlated in root, r = -0.19, -0.25 and -0.48, respectively (p < 0.01).
Discussion
In soils there is competition between plants and other organisms in the rhizosphere for available nitrogen. Plants can cope with limited supply and competition by opportunistically utilizing other forms of nitrogen in the rhizosphere (e.g., amino acids) to replace or supplement soil nitrate and ammonium (Nasholm et al. 2009 ). Moreover, studies conducted in the past highlighted the response of various nitrogen fertilizer supplied in soil which caused tremendous losses of nitrogen to the atmosphere due to denitrification and leaching (Luo et al. 2006; Anjana et al. 2007 ). However, hydroponically grown seedlings not only showed positive response of the direct uptake of nitrogen by seedlings but also provided additional support on the possible contribution of different nitrogen sources using direct tissue culturing technique towards nitrogen and carbon metabolism.
According to results, growth parameters increased with NH 4 NO 3 treatment as compared to NH 4 Cl supply, indicated that ammonium uptake inhibited by nitrate in tissue culture and reduces the carbon stress in the roots of nitrate plus ammonium fed wheat plants occasioned by the assimilation and subsequent translocation of nitrogen to the shoot. Thus, more carbon is available for the extension of the root in mixed nitrogensource fed plants in comparison with ammonium-only fed plants, allowing normal root development and exhibit superior growth rate and productivity. PBW 343 was highly sensitive to ammonium nutrition resulted in reduced shoot growth as compared to GLU 1356 which consider as ammonium tolerance.
Our results showed that KNO 3 source significantly increased the activities of nitrogen metabolizing enzymes and aminotransferases as also reported by Jain et al. (2011); Anjana et al. (2011); Asthir and Bhatia (2014); Hawkesford (2014) . Whereas, NH 4 Cl elevated activities of GS-GOGAT and aminotransferases (GOT and GPT) along with increase in acid and neutral invertase activities in shoot as well as in root which indicated that unregulated uptake of ammonium supplied as a single nitrogen source is considered to exert a carbon stress on plant roots for its assimilation and subsequent translocation to shoots (Lewis et al. 1987; Britto and Kronzucker 2002) . Ammonium increased GS activ-ity both in shoots as in roots and GDH activity mainly in roots and slightly in shoots. Thus, GS activity was localized mainly in the shoots, whereas that of GDH was in the roots. Even though the GS/GOGAT pathway is the major route in higher plants (Miflin and Lea 1976) , they are able to use other alternative routes such as those catalyzed by GDH, which catalyzes the reversible amination of 2 oxoglutarate to yield glutamate. Results of present experiment have shown that GDH activity increased in wheat seedlings when switched from nitrate to ammonium and this increase was correlated with an increase in the amino acid content, showing that the aminating activity of GDH may have a role in the ammonium detoxification. In this case, GDH activity was higher in ammonium-fed plants compared to nitrate-fed plants in both the species. However, NH 4 NO 3 increased the activities of NR, GS, GOGAT, GOT and GPT in shoot and decreased the activities of GS, GOGAT, GOT and GPT in roots indicating shoots are better in nitrate assimilation. This study deduce that NR plays an important role in the absorption of NO 3 -, regulating the levels of NO 3 -and amino acids in root cells. Since NO 3 -induces NR activity, therefore enhanced rate of NO 3 -uptake to the site of induction is the main controlling factor for the level of NR activity (Balotf et al. 2012) . As NH 4 NO 3 increases the activity of nitrogen metabolizing and aminotransferases enzymes, we therefore speculate that high concentrations of ammonium nitrogen in nutrient solution may lead to accumulation of toxic amounts of ammonium ions in the plants (Britto and Kronzucker 2002; Lasa et al. 2002) . Similar to our observation, Lewis et al. (1987) , Britto and Kronzucker (2002) and Cruz et al. (2006) proposed that, the presence of nitrate in the nutrient medium suppresses an over-rapid absorption of the ammonium ion and the consequent over-allocation of carbon to nitrogenous compounds, most of which are transported out of the root to the shoot.
The increase in protein content was in parallel with activities of GOT and GPT as also reported by Asthir and Bhatia (2014) . It seems that through enhancement of the activity of transaminases, results in accumulation of high level of exogenously-supplied nitrogen and its transformation to proteins. But increase in amino acid in NH 4 Cl treated plants results in decrease of protein content which lead us to suggest that hydrolysis of proteins might be responsible for the accumulation of amino acids in wheat as also observed by Lin and Kao (2001) in rice leaves. Apparently, there is a glutamine-mediated diversion of sucrose and starch towards protein synthesis as observed earlier in rice grains (Singh et al. 1978) . Since conversion of glutamine to glutamate by GOGAT in seeds needs 2-oxoglutarate which is derived from sucrose catabolism, therefore the higher concentration of glutamine causes greater generation of this organic acid (Hodges 2002; Lancien et al. 2002) .
In our experiments NH 4 Cl supply caused a significant increase in amino acids content as compared with KNO 3 and NH 4 NO 3 plants which is consistent with the results of Pasqualini et al. (2001); Patterson et al. (2010) who proposed that NH 4 + ion diverted the assimilated carbon mainly towards amino acids. As KNO 3 and NH 4 NO 3 nitrogen source resulted in higher nitrogen content, which can be correlated with higher activities of nitrogen metabolizing as well as aminotransferases enzymes as also reported by Below et al. (2000) . Plants treated with NH 4 Cl, as exclusive nitrogen source, showed lower level of 388 Kaur and asthir: Sucrose and Glutamine Metabolism in Wheat Cereal Research Communications 44, 2016 total sugars than those treated with NO 3 -. The rapid assimilation of NH 4 + in glutamine led to a consumption of carbon skeletons, causing depletion of the foliar starch and sucrose (Ikram et al. 2012; Schluter et al. 2012) , likewise Britto and Kronzucker (2002) concluded that the consumption of fixed carbon during the assimilation of NH 4 + could appreciably reduce sugars results in increases amino acids.
The metabolic pathways of nitrogen and carbon are linked since nitrogen assimilation requires carbohydrates for the production of energy and the provision of carbon skeletons. As results indicated KNO 3 plants had higher activities of sucrose synthase than NH 4 Cl plants, in the latter system the activity of acid invertase doubled that of KNO 3 plants, so speeding up sugars breakdown and, as a consequence, there are more carbon chains to form amino acids and for NH 4 + assimilation as also reported by Raab and Terry (1994) ; Britto and Kronzucker (2002) . Besides, while nitrate can be accumulated in vacuoles, ammonium ions are toxic and need to be rapidly assimilated. In this experiment, we verified that the activity of the enzymes implicated in the TCA cycle, such as MDH, PDC and ICDH, is stimulated under ammonium nutrition in both species, and this result highly correlates to organic acid content (Lasa et al. 2002) . The stimulation of the activities of PEPC and MDH when NH 4 NO 3 and NH 4 Cl used as nitrogen sourse occur in roots whereas in shoot ICDH and MDH activity stimulated with NH 4 NO 3 and NH 4 Cl sources. The stimulation of these enzymes at different level in shoots and roots of wheat seedling, indicating once again that these species assimilate ammonium in different organs. The stimulation of respiration that occurs in vascular plants during nitrogen uptake has been ascribed to an initial activation PEPC leading to an increased production of citric acid cycle carbon skeletons needed for ammonium assimilation (Huppe and Turpin 1994) . Our results also show that ammonium nutrition stimulates PEPC activity. However, there was a difference in behavior depending on the species. Therefore, according to results, it can be concluded that ammonium assimilation requires availability of carbon skeletons that increase the TCA cycle carbon flow (Miyao and Fukayama 2003; Lasa 2002; Hodges 2002; Roosta et al. 2009 ). Since the carbon skeletons are replenished via anaplerotic dark carbon fixation, it is conceivable that in vivo PEPC activity and/or the provision of the substrate for the dark carbon fixation in roots may be responsible for the regulation in the replenishment of carbon skeletons. The root is a specific site for ammonium assimilation in plants (Miyao and Fukayama 2003) .
Results showed that high activities of nitrogen and carbon metabolizing enzymes in GLU 1356 resulted in high nitrogen uptake and contents of soluble protein, amino acid and nitrogen as compared to PBW 343. Genotypic variation exists for the rate of nitrogen uptake, its accumulation, assimilation and translocation in different tissues as also reported by Sadras and Lawson (2013); Fathi (2008) .
In this report, we have demonstrated the considerable inhibition of ammonium uptake by nitrate in hydroponic culture, which proposed that inhibition reduces the carbon stress in the root of NH 4 NO 3 fed wheat plants occasioned by the assimilation and subsequent translocation of nitrogen to the shoot. Thus, more carbon is available for the extension of the root in NH 4 NO 3 fed plants in comparison with the NH 4 Cl fed plants. However, NH 4 Cl fed plants significantly enhances the activities of TCA cycle enzymes which provides the carbon skeleton for ammonium assimilation reduces its toxicity effect whereas KNO 3 fed plants upregulated the nitrogen metabolizing enzymes which increases the nitrogen uptake. Therefore, these findings could be utilized for further study on nitrogen and carbon metabolism in plants. Moreover, our results highlight the importance of the GDH and PEPC as enzymes more efficient for ammonium detoxification.
